The three-dimensional structures of human parvovirus B19 VP2 capsids, alone and complexed with its cellular receptor, globoside, have been determined to 26 Å resolution. The B19 capsid structure, reconstructed from cryo-electron micrographs of vitrified specimens, has depressions on the icosahedral 2-fold and 3-fold axes, as well as a canyon-like region around the 5-fold axes. Similar results had previously been found in an 8 Å resolution map derived from x-ray diffraction data. Other parvoviral structures have a cylindrical channel along the 5-fold icosahedral axes, whereas density covers the 5-fold axes in B19. The glycolipid receptor molecules bind into the depressions on the 3-fold axes of the B19:globoside complex. A model of the tetrasaccharide component of globoside, organized as a trimeric fiber, fits well into the difference density representing the globoside receptor. Escape mutations to neutralizing antibodies map onto the capsid surface at regions immediately surrounding the globoside attachment sites. The proximity of the antigenic epitopes to the receptor site suggests that neutralization of virus infectivity is caused by preventing attachment of viruses to cells.
Parvovirus B19 is the only member of Parvoviridae pathogenic to man (1, 2) . Acute infection causes a childhood measles-like rash condition, erythrema infectosium, also known as fifth disease, and acute or chronic arthritis in adults. In persons with underlying hemolysis, acute B19 infection results in transient aplastic crises, due to cessation in red blood cell production, which is caused by tropism of B19 to erythroid progenitor cells. In immunocompromised individuals, such as AIDS patients and patients undergoing immunosuppressive drug therapy, persistent B19 infection causes chronic severe anemia due to erythroid marrow failure. B19 infection of pregnant women may cause hydrops fetalis (congestive heart failure) of the fetus and spontaneous abortions due to the inability of the fetus to mount an adequate immune response.
Parvoviruses have a single-stranded DNA genome encapsidated in a T ϭ 1 (60 structurally equivalent subunits) icosahedral protein capsid, approximately 260 Å in diameter. The major structural protein, VP2, has a molecular mass of 58,000 and consists of an eight-stranded, anti-parallel, ␤-barrel motif (with ␤ strands B, C, . . . , I), similar to that found in many other viral capsid proteins (3). This ␤-barrel structure contains only about one-third of the amino acid content in each polypeptide and lies mostly below the capsid surface, which is formed by large insertions between the ␤-strands. For canine parvovirus (CPV) (4) and feline panleukopenia virus (FPV) (5) , the loops between the B and C (loop 1), E and F (loop 2), and G and H (loops 3 and 4) ␤-strands contain 36, 74, and 223 residues, respectively. These loops form most of the capsid surface, with loops 3 and 4 forming the bulk of the spikes that extend 22 Å radially outwards around the 3-fold axes. The insertion of 20 amino acids between the D and E strands forms an anti-parallel ␤-ribbon, which, together with similar insertions in the other 5-fold-related polypeptides, forms a cylindrical structure about each 5-fold axis. A canyon-like depression encircles each of the 5-fold axes and a dimple-like depression occurs at each 2-fold axis. In CPV and FPV, one in five of the capsid proteins has its amino ends externalized by being threaded through the channel along the 5-fold icosahedral axes.
For B19, the major capsid protein (VP2) makes up about 95% of the viral capsid. VP2 lacks 226 ''unique'' amino terminal residues compared with the minor capsid protein (VP1). The crystal structure of empty particles of B19 produced in a baculovirus expression system (6) has been determined to 8 Å resolution (7) . These capsids, which contain both VP1 and VP2 or VP2 alone, are indistinguishable from the native empty capsids both antigenically and in electron micrographs of negatively-stained specimens (6, 8) . The electron density (7) and a sequence alignment (9) showed that the surface features of B19 differ greatly from those of CPV and FPV. In particular, the spikes on the 3-fold vertices are missing in B19. Another major difference is that the channels along the 5-fold axes appear to be closed at the surface in B19. However, the central ␤-barrel domain remains substantially unchanged.
The initiation of viral replication for parvoviruses requires interactions with specific cell surface receptors. Brown et al. (10) have shown that one of the blood group P antigens, the glycolipid globoside (Ϸ1400 daltons), is the receptor for B19. Erythrocytes that contain globoside hemagglutinate in the presence of B19, in vitro (10, 11) . Some parvoviruses, such as CPV (12) and minute virus of mouse (13), use carbohydrates for cellular attachment. Furthermore, CPV and FPV bind to glycolipids that have a structure similar to P antigens (Y. Suzuki, personal communication). Globoside is also found in endothelial cells, which may be the site of B19 replication resulting in fifth disease (14) . The presence of globoside in fetal cardiac myocytes may lead to B19 infection and myocarditis (15, 16) .
The structure of human rhinovirus 14 complexed to its receptor molecule, intercellular adhesion molecule-1, a membrane-bound glycoprotein (17) , and the structures of influenza virus and polyoma virus complexed with analogues of the carbohydrate moiety of their receptors have been reported (18) (19) (20) . We report here the use of cryo-electron microscopy (cryo-EM) and three-dimensional image analysis of B19 empty capsids, alone and complexed with globoside.
MATERIALS AND METHODS
The B19 empty particles consisting only of VP2, produced in a baculovirus expression system, were propagated and purified
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as reported (6) . The empty capsids were prepared for cryo-EM in 10 mM Tris⅐HCl (pH 7.5), at a concentration of 2.7 mg͞ml. The B19:globoside complex was formed by incubation of B19 with globoside at 0.11 mg͞ml, in the same buffer with 1.0% dimethyl sulfuoxide (DMSO), for approximately 16 hr at 4°C. Cryo-EMs of B19 VP2 capsids and the B19:globoside complex were recorded at a defocus level of approximately 0.8 m and an irradiation level of Ϸ18 electrons͞Å 2 ( Fig. 1 ). There were no visible differences between the particles without or with bound receptor. This finding contrasts with the decoration of rhinovirus with its much larger (25 kDa) bound receptor fragments, which are clearly visible in unprocessed images (17) . Thirty-seven images of the B19 VP2 particles were combined to calculate a three-dimensional reconstruction ( Fig. 2 c and d) to a resolution of at least 26 Å (21-24). The three-dimensional reconstruction of the complex ( Fig. 2 e and f ) was calculated in the same manner from 17 particles at the same resolution. A difference map (Fig. 3) between the complex and B19 capsids was calculated after scaling of the densities to optimize the radial dimensions and average density levels (25) .
RESULTS AND DISCUSSION
The reconstructed cryo-EM density map of the B19 VP2 capsid shows depressions at both the icosahedral 2-fold and 3-fold axes and canyon-like regions about each of the 5-fold axes ( Fig. 2 c and d) consistent with the earlier 8 Å resolution x-ray map (7). Unlike CPV (Fig. 2 a and b) , B19 (Fig. 2 c and  d) lacks a channel at the 5-fold icosahedral axes. The reconstructed map of the B19:globoside complex (Fig. 2 e and f ) showed extra density on the 3-fold depression when compared with the B19 VP2 capsid alone. A difference map between the complex and B19 VP2 capsid (Fig. 3) showed that the receptor molecules bind into the depression at the icosahedral 3-fold axes. The globoside density extends approximately 19 Å out from the surface of the depression. Small differences can also be seen around the 5-fold axes (compare Fig. 2 d and f ) . These may indicate conformational changes as a result of globoside binding, but more probably represent noise as a consequence of the fewer number of particles used in the image reconstruction of the complex. The height of the globoside was 4.5 and the height of the features about the 5-fold axes was 2 above the backgound, where was the root-mean-square deviation from zero of the electron density in the difference map. The volume of the roughly spherical globoside difference density attributed to globoside is approximately 3600 Å 3 , as determined at a contour level just above the noise of the map. Assuming a density of about 1.1 gm͞cm 3 for a glycolipid, this volume would be occupied by three molecules each having a mass of 655 Da (26) . The interaction of the receptor with the capsid mainly involves the sugar portion of the glycolipid, as has been observed for other viruses that use glycolipids or glycoproteins as receptor molecules (18) (19) (20) . The mass of the carbohydrate component of globoside is 690 Da, which gives a reasonable fit to the 655 Da expected to fill the difference electron density. Thus, the lipid component of globoside (Fig.  4) is likely to be disordered and, therefore, not visible in the density map.
The segment having the sequence Glc(␤1-3)Glc(␤1-3)Glc(␤1-3)Glc(␤1-3), as observed in the naturally occurring triple helical fiber structure of 1-3-␤-D glucan (27) , was used as the tetrasaccharide model to fit into the difference map. This structure has a rise per residue of 2.94 Å. Every sugar residue has the OH group at the C 2 position facing the 3-fold axis, forming a hydrogen bond with a 3-fold-related helical counterpart. The (␤1-3) linkage between the first and second sugar residues of globoside is the same as in the glucan segment. The only possible adjustments were a rotation about and a small translation along the 3-fold axis, which were needed to make a hydrophobic contact with Tyr401 of B19 VP2. Similar hydrophobic contacts between sugar and aromatic residues are common features of protein-carbohydrate interactions (28, 29) . The resulting fit of this trimeric tetrasac- (1996) charide is fully consistent with the difference electron density map (Fig. 5 a and c) .
The probable structure of the globoside carbohydrate (Fig.  4) was predicted from the allowed dihedral angles for each linkage and the most stable chair conformation of the monosaccharides (30, 31) . The principal difference between the carbohydrate moiety of globoside and that of the glucan structure arises at the (␣1-4) linkage between the second and third sugar residues, giving the globoside tetrasaccharide a kink at this junction. Its first two sugars were superimposed onto the first two residues of the glucan triple helix. Only a small adjustment was required to avoid steric interference around the 3-fold axis. In the model, the O 6 atom of the third sugar residue faces the 3-fold axis where it will make a hydrogen bond with a 3-fold-related molecule. This fit (Fig. 5  b and d) leaves the ceramide extending outwards, presumably able to anchor into the cellular membrane. The trimeric lipid arrangement is likely to be incorporated into the usual hexagonal packing of lipid bilayers (Fig. 6 ).
An attempt to model the B19 structure based on that of CPV and FPV used the 8 Å resolution B19 map as a constraint. The atomic structure of CPV was modified in two ways; (a) to be consistent with the aligned B19 sequence (9) by substituting individual residues and (b) the CPV insertions that are absent in B19 were removed according to a modified alignment scheme (Fig. 7) . The footprint of the trimeric receptor on the viral surface is shown in Fig. 8 . The depression at the icosahedral 3-fold axes has a hydrophobic center (including Tyr-401) that is surrounded by polar residues within the asymmetric unit of the globoside footprint.
Monoclonal antibodies mAb E, L, and 521-5D are known to inhibit hemagglutination of B19 (11) . The epitopes of these mAbs have been associated with residues 57-77, 345-365, and 446-466 of B19 VP2, respectively (2) . Segments of these peptides are on the viral surface as shown on the surface roadmap (Fig. 8) . mAbs E and L bind within 10 Å of the globoside attachment site. As B19 binds to erythrocytes, inhibition of hemagglutination suggests that these mAbs may also inhibit infection. Thus, these antibodies, which have a footprint of at least 34 Å diameter (32), might inhibit hemagglutination by receptor blocking.
The relationship between the receptor attachment site within a surface depression at the 3-fold axes of B19 surrounded by neutralization epitopes is analogous to depressions found on the surfaces of rhinoviruses (33) , polioviruses (34), (Fig. 7) relative to CPV. The footprint of the globoside receptor on the viral surface (cross-hatched region) and the site of escape mutations for the neutralizing antibodies mAb E, L, and 521-5D (shaded regions) are shown.
and influenza viruses (20) . This arrangement ensures that naturally occurring mutants at the base of the depression can escape host immune surveillance, but recognize and bind to the receptor. The binding of globoside in the icosahedral 3-fold depression has identified the region of the B19 capsid involved in host recognition and binding. It remains to be determined how attachment initiates cell entry and viral transport to the nucleus.
